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ABSTRACT

The Role of an Invasive Exotic Plant on the Structure of Aquatic Invertebrate
Assemblages: Tamarix in the Southwest United States

by

Bert Lewis, Master of Science
Utah State University, 1998

Major Professor: Dr. Todd Crowl
Program: Watershed Science

Over the past 100 years, riparian vegetation communities throughout the
Southwest United States have been extensively invaded by Tamara spp. (saltcedar).
Saltcedar derives its common name from its physiological adaptation to excrete salts. The
production of Tamarix detritus with associated secondary chemicals may affect the quality
of aquatic invertebrate food and habitat resources. An alteration in food and habitat
quality may affect the composition and structure of aquatic invertebrate assemblages.
A series of experiments was conducted contrasting aquatic invertebrate assemblage
densities, colonization rates, and growth rates associated with Tamarix versus native
vegetation, Populusfremontii (cottonwood) and Salix exigua (willow), to detennine if
aquatic invertebrate assemblages have been altered by the invasion of Tamarix. Results of
invertebrate growth rates over 13 weeks indicate that Tamarix is minimally different in
food quality to cottonwood and willow. I failed to find differences in invertebrate
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colonization rates or invertebrate assemblage densities associated with Tamarix compared
to cottonwood and willow over two 6-week time periods.

(86 pages)
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INTRODUCTION

Tamarix spp. (common name tamarisk or saltcedar) has invaded riparian corridors
throughout the Southwest United States to the extent that it is now considered a
naturalized species (Bawn 1967). It has proven to be an aggressive invader, lacking in
natural biological controls and resistant to many mechanical and chemical control practices
(Everitt 1980, De Loach 1989). Tamarisk is currently considered a problematic noxious
weed by government agencies, agriculturists, and the public. Tamarisk has been
implicated in reducing an already limited water supply in the region by lowering groundwater levels through evapotranspiration. Additionally, tamarisk creates problems for
agriculture and recreation, activities that are econotilically important in this region. These
characteristics have led to tamarisk being the subject of much research focused on a
variety of management practices intended to lead to its eradication. Some research on the
ecology of tamarisk indicates that it creates a ''biological desert" and may have significant
negative impacts on the natural systems that it has invaded. However, there has been little
research on the specific effects that tamarisk invasion has on ecosystem-level functions

within the areas it invades. This is particularly true of aquatic ecosystems that are
intimately linked to the riparian ecotones that tamarisk invades. The research presented
here examines the effects tamarisk may have on characteristics of aquatic invertebrate
assemblages in the areas it has invaded.
Aquatic and riparian ecosystems of the Colorado River Basin have been greatly
altered by resource utilization associated with the development of modern society. Water
resource development, including dams, diversions, irrigation, and channelization, has
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combined with a variety of land use practices to greatly alter the physical conditions that
perpetuate riparian and floodplain habitats in this region. These factors have had a
substantial impact on river ecosystems in the Southwest United States. In this semiarid
environment, riparian and floodplain habitats are naturally limited in their areal extent due
to limited water availability. Despite their limited areal extent these ecologically-important
habitats support some of the highest levels of productivity and biodiversity in the region.
The physical alteration of these ecologically important habitats has been compounded by a
variety of biological introductions that have accompanied resource development. The

alteration of physical and biological characteristics associated with resource development
in these areas has potential ecosystem-level consequences.
The invasion of exotic plants, in particular, has the potential to alter energy flow
patterns within ecosystem food webs. The autotrophic energy fixation by terrestrial and
riparian plants represents the basis of many food chains. Because the ecology of invasive
exotics may differ significantly from that of native species, invasions may represent a
potential disruption of existing energy flow patterns and food webs (Smock & MacGregor
1988). Lotic ecosystems that are dependent on allochthonous energy sources may be
particularly susceptible to disruption of energy flow patterns associated with the ecology
of invasive exotics.

3

RIVER ECOSYSTEMS

Energy sources
The inundation of floodplain and riparian habitats provides allochthonous energy
to lotic ecosystems through the local inundation. entrainment, and subsequent transport of
vegetation detritus into the main river channel (Junk, Bayley & Sparks 1989; Sparks
1995). This influential role of floodplains in river ecology has made them the subject of
much recent interest (Bayley 1995; Ligon. Dietrick & Trush 1995; Townsend 1996). The
annual hydrologic cycle of a floodplain consists of a period of inundation. the flood pulse,
and recession, typically associated with seasonal weather patterns. The flood pulse
enhances biological productivity and maintains a diverse and rich assemblage of species
(Bayley 1995). Floodplain inundation allows the colonization of riparian detritus by
microbes, fungi, and aquatic invertebrates either in the floodplain or by transporting the
detritus into the main river channel. An enhanced and dynamic invertebrate assemblage
develops within floodplain and riparian habitats in association with the cyclic pattern of
inundation and the associated increase of available detritus to the main channel (Sparks
1995; Bayley 1995).
The significance of allochthonous detritus to riverine ecosystems is a central tenet
of both the River Continuum Concept (Vannote et al. 1980) and the Flood Pulse Concept
(Junk, Bayley & Sparks 1989). The Flood Pulse Concept argues that a majority of annual
production can be attributed to the lateral exchange of allochthonous material and
nutrients between the floodplain and the main river channel. Floodplain inundation
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enhances biological productivity by providing access to nutrients, detritus, and organisms,
which are subsequently transported back into the river channel as water drains from the
floodplain (Johnson, Richardson & Nairno 1995; Wallace et al. 1997). Many studies
provide additional evidence that supports this concept (Gosselink & Turner 1978; Odum
1984; Ward 1989). The River Continuum Concept (Vannote et al. 1980) hypothesizes that
rivers are dependent on longitudinailinkages that transfer energy downstream. This
energy originates as allochthonous input derived from upstream riparian reaches and
floodplain habitats which is then transported down stream. Vannote et al. (1980) argued
that because channel width typically increases downstream, adjacent riparian areas are
thought to become less influential on large rivers than in head-water streams. A
combination of these two concepts would argue that the input during floods of
allochthonous detritus derived from riparian and floodplain habitats in river corridors is a
significant source of energy input to these ecosystems (Vannote et al. 1980; Junk, Bailey
& Sparks 1989; Johnson, Richardson & Nairno 1995).
Ward and Stanford (1995) expanded on the River Continuum Concept with the
development of the Serial Discontinuity Concept, which theorizes that dams interrupt the
longitudinal energy flow in river systems. Reservoirs behind dams trap coarse and tine
particulate organic matter and interrupt sediment transport, both important to longitudinal
energy transfer. The rivers below these energy transfer interruptions are then dependent on
the lateral exchange of allochthonous input from floodplains for energy input. The study
site of this project on the Green River downstream from the Flaming Gorge Dam in Utah
is set in a similar scenario of interrupted energy flow and possible dependence on lateral
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exchanges with the floodplain for energy input.

Floodplains, riparian vegetation,
and invertebrates
Lateral exchanges from and access to riparian habitats enhance aquatic
productivity and have been shown to create a diverse and rich assemblage of invertebrate
species (Stanford 1994; Sparks 1995; Bayley 1995). Mesic conditions within the
floodplain promote the development of riparian vegetation that is highly productive. This
high productivity results in an accumulation of detritus associated with the annual
abscission of deciduous leaves. This litter accumulation represents a potentially important
food resource that is available either in the floodplain or transported into the main river
channel. Aquatic invertebrate assemblages associated with riparian plant communities are
typified by an increased species diversity and density (Gregory et al. 1991; Allan & Flecker
1993; Bayley 1995). Floodplain vegetation additionally provides physical conditions
favorable to the production of an enhanced invertebrate assemblage. These conditions
include decreased flow velocities. warmer temperatures. increased cover. and increased
habitat complexity important to many aquatic species (Allan & Flecker 1993; Stevens
1995).

Green River floodplain
The Green River has been altered by both natural and anthropogenic influences in
recent history. Natural climatic changes have caused a series of fluctuations in the annual
flow patterns. The hydrology has been further affected by water resource development
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including dams, diversions, levees, and land use changes. The most significant alteration
to the Green River, in this study area (near Jensen, UT), is due to flow regulation by
Flaming Gorge Dam, which decreases the magnitude of the mean annual peak flows from
679.8 m3/sec pre-dam to 492.9 m3/sec post-dam and increases mean base flow from 35.7
m3/sec pre-dam to 72.5 m3/sec post-dam (U.S. Fish and WIldlife Service 1997). There
was a period of high flow prior to 1930 foUowed by a 300/0 natural decrease between 1930

and 1957, which was then foUowed by another 21% decrease associated with the closure
of Flaming Gorge Dam (Allred 1997). The Green River below the confluence with the
Yampa River retains a quasi natural hydrograph due to the inflow of the Yampa River, an
unregulated tributary that is of similar size to the Green River. The Yampa River
mitigates the dampening effects of the flow regulation by Flaming Gorge Dam through its
natural hydrograph. Thus below the confluence of the two rivers, the Green River retains
some of the flow patterns, including high spring flows, typical of unregulated temperate
rivers in the western United States.
The introduction of exotic plant species, including tamarisk, occurred concomitant
with these natural and anthropogenic alterations. In addition to its role in ecosystem
energy flow, riparian vegetation affects channel morphology through flow resistance, bank
stability. bar sedimentation, formation of log-jams, and concave bank-bench deposition

(Hickin 1984). Vegetation increases bank roughness, slows flows, and allows for
deposition as sediment drops out of suspension (Meehan 1991; Platts 1991). Sediment
deposited in this manner during over-bank flooding leads to vertical ~etion and the
development of natural levees (Malanson 1993). Tamarisk has been implicated as
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contributing to the reduction of average channel width on the Green River (Graf 1978),
which is discussed further in the tamarisk literature review. The culmination of these
biotic and physical alterations has been the alteration of floodplain habitats through
disconnection from the main river channel.

Project penpective
This research was conducted in conjunction with the Levee Removal Project
(Bureau of Reclamation 1997), part of the Upper Colorado River Basin Endangered Fish
Recovery Program. The Levee Removal Project is a large-scale floodplain reclamation
project designed to enhance critical habitat for juvenile and adult razorback sucker

(Xyrauchen texanus) and Colorado squawfish (Prychocheilus lUCiUS). Study of juvenile
life stages of these endangered fish suggests that inundated floodplains connected to the
main river channel may provide critical nursery and rearing habitats for juvenile fish and
important feeding and resting habitat for adults. These habitats are believed to provide
high-quality food resources and physical conditions that favor growth and survivorship of
early life stage and adult fish. Thus reclamation of floodplain habitats could lead to an
increase in recruitment of these target fishes. The goal of the Levee Removal Project is to
restore and enhance floodplain habitats and their ecological functions that support
recovery of these native fishes in the Upper Colorado River Basin through selected levee
removal. This project oversees the excavation of river banks so as to restore the temporal
and spatial pattern of floodplain inundation to simulate that which existed prior to the
closing of Flaming Gorge Dam. The role that tamarisk plays in the Green River
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floodplain becomes an important consideration in the perspective of current understanding
oflarge river ecosystem function combined with Levee Removal Project design.

LEAF PROCESSING

Leaf litter

Leaf litter represents a significant portion of the allochthonous input and
contnDutes to the potential energy of stream and river ecosystems. Leaflitter acts as the
major food and habitat resource for many aquatic invertebrates (Boling et al. 1975; Short
& Maslin 1977; Anderson & Sedell 1979; Vannote et al. 1980; Day 1982; Merritt &
Cummins 1984; Neckles & Neill 1994). Initial colonization by microbes and fungi,
referred to as conditioning, and subsequent consumption of conditioned material by
aquatic invertebrates initiates assimilation of carbon fixed in a terrestrial environment into
aquatic food webs (Cummins & Klug 1979). Leaflitter processing by aquatic
invertebrates is an integral part of organic-matter cycling in stream and river ecosystems
(Cummins et al. 1973; Benfield, Johnson & Patterson 1977, Short, Canton & Ward 1980;
Crawford & Rosenberg 1984; Campeau, Murkin & Titman 1994). Invertebrate
assemblages have evolved a synchronized life history associated with the fall seasonal
pulse of leaf litter input, demonstrating their dependence on allochthonous material
(Goulding 1980; Petersen & Cummins 1974). Thus the interaction of allochthonous input,
microbial colonization, and invertebrate processing mediates the detrital energy pathway.
Upon abscission, leaf litter joins the detrital energy pool, here defined as the
accumulation of nonliving particulate organic matter and its associated microbial
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population. The elemental constituents of detritus are subject to a gradual process of
transfonnation and translocation. In aquatic systems this process is initiated by the
wetting of the organic matter and leaching of soluble nutrients (Allan 1995). Many of the
chemical components including carbon. nitrogen. and phosphorous enter the nutrient cycle
through mineralization or are directly assimilated by other living organisms
(immobilization). This initial leaching step is followed by microbial colonization and the
physical breakdown of detritus into smaller particles through abrasion and invertebrate
activity (petersen & Cummins 1974; Boling et al. 1975).

Leaching
The initial leaf processing step, leaching, is characterized by a rapid weight loss
which occurs in the first 24 hours. This rapid weight loss is due to the majority of water
soluble chemicals entering solution. Leaching rates vary and are influenced by the soluble
content of the leaf and by water chemistry characteristics such as pH and diffusion
gradients (Boling et al. 1975). The rapid initial weight loss associated with the loss of
soluble chemicals is followed by a pattern of gradual weight loss. A small part of the
weight loss can be attnDuted to the slower loss of less soluble chemicals that persist in the
leaves for longer times (petersen & Cummins 1974). At the same time, the leaf
undergoes colonization by microbes and fungi, initiating the next step in leaf processing,
which is called conditioning.

Conditioning
Microscopic flora use detritus as an attachment substrate from which they derive
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nutrients for metabolism (Golladay, Webster & Benfield 1983; Arsuffi & Suberkropp
1984). The level of microbial colonization and utilization of the leaf substrate is referred
to as conditioning. Microbial populations transform much of the nutrient composition of
detritus into forms used for their basal metabolism, cell structure, and reproduction.
Detritus conditioning levels increase over time as the microbial population density and
diversity increase (Boling et al. 1975). The colonization and metabolic rate of microbial
populations (i.e, conditioning rate) is dependent on physical variables such as temperature
and dissolved oxygen and on the chemical composition of the leaflitter.
Leaf litter conditioning rates have been shown to vary according to species-specific
characteristics (Cummins 1974; Petersen & Cummins 1974; Molles 1982; Golladay,
Webster & Benfield 1983; Irons, Oswood & Bryant 1988). The chemical and structural
composition of leaves varies with different plant species. These factors are dependent on
different physiological mechanisms and structural adaptations of each plant species. The
initial state of wood, for example, with high lignin and cellulose composition, supports a
minimal colonization of microbes and is unpalatable and indigestible to many invertebrates.
In contrast, the leaves of some species of plants have high nutrient value and are rapidly
conditioned with dense microbial colonization and high rates of microbial metabolism.
Invertebrates can readily feed on these leaves in their initial state or after a short
conditioning period. Conditioning rates may be limited by anti-herbivore and aUelopathic
chemicals that are produced by many plants. Concentrations of these chemical
components will negatively affect the rate and efficiency of microbial and invertebrate
colonization and utilization of different plant litter (Arsuffi & Suberlaopp 1984).
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Frequently the metabolic conversion ofleaf matter by microbes results in chemical forms
that are more easily utilized and assimilated by higher life fonns. Therefore, as detritus is
conditioned, it becomes increasingly valuable and attractive as a food source for
invertebrates.

Invertebrates
The breakdown of detritus, initiated by conditioning, is continued through physical
abrasion and by the shredding, mastication, and digestion associated with the feeding of
invertebrates (Boling et al. 1975; Brinnson 1977; Slansky & Scriber 1985; Wallace et al.
1997). Shredders, one of the first invertebrate functional feeding groups to utilize leaves,
feed directly on leaflitter. They have been shown to be a major processor of leaf detritus,
thus playing an influential role in the decomposition process (Bird & Kaushik 1992). The
rate of invertebrate utilization is dependent on species-specific leaf litter quality and the
level of conditioning (Suberkropp & Klug 1974; Campeau, Murkin & Titman 1994).

As conditioning levels increase, there is a concomitant increase in invertebrate
palatability, resulting in increased colonization, ingestion, and growth rates (Boling et al.
1975; Molles 1982; Irons, Oswood & Bryant 1988). Manual breakdown increases the
surface area and the availability of colonization sites for microbial flora, producing a
positive feedback that furthers the conditioning process. Invertebrates have demonstrated
preferential selection dependent on the level of conditioning and species of leaf litter
(Cummins et al. 1973; Benfield, Iones & Patterson 1977; Anderson & Sedell 1979; Short,
Canton & Ward 1980; Canhoto & Graca 1995). Differential selection by invertebrates for
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different leaflitter species can influence the invertebrate assemblage composition and
structure (Molles 1982; Gollada, Webster & Benfield 1983; Bird & Kaushik 1992).

TAMARISK LITERATURE REVIEW

TIIIIUlrix I'tIIIIOsissinuJ

During the last century, riparian corridors throughout the Colorado River Basin
have been altered by the invasion of tamarisk. These riparian areas represent a transitional
zone between terrestrial and aquatic habitats and play an important functional role in
watershed ecosystems. In the Southwest, these areas represent one of the most
ecologically important habitats, supporting some of the highest productivity and
biodiversity in the region. The semiarid environment of the western United States
typically has limited riparian communities confined to narrow alluvial valleys. The
establishment of tamarisk has altered the composition and potentially the function of these
influential riparian vegetation communities.
The native distnoution of the 54 recognized species of Tamarix extends from
China and Mongolia through central and southern Asia to Europe, the Middle East, North
Africa, and southern Europe. Eight species, including T. africana Poir., T. aphy/Ia (L.)

Karst., T. ara/ensis Bunge, T. canariensis Willd., T. chinensis Lour., T. gallica L., T.
parviflora DC., and T. ramosissima Ledeb, have been introduced to North America
(Baum 1967). Of these, T. chinensis, T. ramosissima, and T. parviflora are now common
and considered a naturalized exotic throughout the southwestern United States (Bawn
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1967; Goodrich & Neese 1986). Since then. Tamarix spp. has been classified either as a
single variable species (Tamarix chinensis) or as a hybrid ofall three genetically and
morphologically similar species (Horton & Campbell 1974; Brock 1994). In the study
area of this research project, it is classified as Tamarix ramosissima (Goodrich & Neese
1986).
Tamarisk was originally introduced and cultivated in the United States in the
1800's as an ornamental plant. Later, in the early 19OO's, it was planted as an erosion
control measure in riparian corridors along the Rio Grande and Pecos rivers in Texas and
New Mexico (Bryan & Post 1927; Everitt 1980; Brock 1994). Since that time it has
spread through riparian corridors at an estimated rate of 20 Ian per year, establishing
naturalized communities throughout the southwestern United States. The range of
tamarisk is thought to be temperature limited and is thus constrained at northern latitudes
and high elevations (Brock 1994; Everitt 1980). It is now estimated to occupy
more than one million acres throughout its current range (Graf 1978; Brock 1994).

Life history and physical characteristics
Tamarix spp. (common name tamarisk or saltcedar) is a deciduous woody shrub or
tree that has been variously classified as a facultative phreatophyte, halophyte, or even a
xerophyte (Turner 1974; Everitt 1980; Brock 1994). The ambiguity over its exact
classification is due to its ability to successfully establish under a variety of habitat
conditions. It has a deep and extensive root system with a large tap root that, when
conditions permit, obtains water directly from the water table or the saturated soil just
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above it. Once established. tamarisk can persist in more xeric conditions that are too dry
for many riparian plant species.
The optimal habitat is in areas of open sun on moist silt or sand deposits (Everitt
1980; Brock 1994). These habitats are frequently associated with flood-scoured stream
channel margins. Tamarisk does not easily invade established vegetation communities but
can quickly become a monoculture when disturbance creates areas devoid of vegetation
(Shaftoth, Friedman & Ischinger 1995). Immature tamarisk grows in thick, monotypic
groves of shrubs. When mature, it can be found in open woodlands (Everitt 1980).
Tamarisk has leaves that are similar in appearance to cedar trees, hence that part of
its common name-saltcedar. The leaf morphology consists of two sizes of deciduous
leaves that are whorled. overlapping, and sessile. Of the two leaves, scale leaves average
3 mm and cau1ine leaves average 8-9 mm in length. The leaves have an average stomatal
density of 5045 Icm2 (Anderson 1982).
Under favorable conditions, a mature plant can flower continuously for the entire
growing season, April through October. A single mature plant can produce 0.5 to 1
million seeds per year. The small fiber-tufted seeds are effectively dispersed by wind and
water. Seeds can germinate within 24 hours under favorable conditions, and have been
found to germinate even while floating. Seed viability has been variously documented as
lasting from 4 weeks to up to 15 years under varying conditions (Horton 1977; Everitt
1980). Densities of 15,000 seeds per m2 and 897 seedlings per m2 are common with
seedling densities as high as 170,000 per m2 reported (Warren & Turner 1975; Brock
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1994). Successful seedling establishment requires soil with high levels of moisture for at
least the first several weeks (Horton 1971).

History of invasion
Decreases in stream and river flows due to natural and anthropogenic causes
combine with tamarisk germination ecology to favor its rapid and extensive invasion of
riparian corridors and floodplain habitats of the southwestern United States. Tree-ring
studies in the Colorado River Basin have shown that the half century before the
introduction of tamarisk was the wettest period in the last 400 years (Graf 1978; Meko,
Stockton & Boggess 1995). Abundant precipitation during this period produced high
annual peak discharges that scoured wide areas of river and stream corridors and enlarged
channels (Allred 1997). This cycle of high flow years was followed by a period of drought
(1930's), which decreased the frequency and magnitude of disturbance in these areas (Graf
1978; Carothers & Brown 1991; Meko, Stockton & Boggess 1995; Allred 1997). The
invasion of tamarisk on the Green River coincided with this period of time. The large
scoured areas characterized by moist sand and silt deposits, free of competing vegetation
and now subject to a reduced disturbance regime, provided an ideal habitat for the
germination and establishment of tamarisk on the Green River.
The period of drought was followed by a time of extensive dam building and water
diversion, associated with water resource development throughout the Colorado River
Basin. Everitt (1980) and Johnson, Burgess & Keammerer (1976) speculate that flow
regulation and diversion permanently reduced the already naturally-diminished frequency
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and magnitude of the disturbance regime of riparian areas. creating conditions favorable to
the colonization requirements of tamarisk. Flow regulation by dams essentially eliminates
large flood flows that historically cleared vegetation away from channel margins.
Tamarisk was able to establish in areas free of competing vegetation due a reduced
disturbance regime (the natural reduction of large scouring floods) which was then
permanently reduced by flow regulation associated with water resource development
activities (Allred 1997). Tamarisk invasion further benefitted from increased habitat
availability due to disturbance associated with anthropogenic activities such as agriculture.
livestock grazing, and diversions (Carman & Brotherson 1982; Brotherson & Von Wmkel
1986; Brock 1994). Thus. a combination of a natural cycle in regional hydrologic pattern.
anthropogenic activities (i.e .• the building of dams). and life history characteristics of
tamarisk, favored its extensive invasion of riparian corridors and floodplains in the
southwestern United States.

Physical alteration of the environment
The invasion of tamarisk has been hypothesized to have contributed to the
alteration of riverine ecosystems in the southwest through the modification of channel
morphology. specifically channel simplification and width reduction (Graf 1978. Snyder &
Miller 1992. Allred 1997). Graf (1978) found a 27% decrease in average channel width of
the Green River in Canyonlands National Park which he attributed to tamarisk invasion.
Graf argued that established stands of Tamarix on side and mid-channel bars trap and
stabilize sediment and reduce erosion. This stabilization leads to the growth of the
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depositional features through a buildup of sediment that originates in high, over-bank
flows (Graf 1978). Andrews (1986) also investigated the pattern of channel narrowing on
the Green River and concluded that width reduction was associated with a decrease in
effective discharge due to flow regulation by Flaming Gorge Dam. thereby disagreeing
with Graf as to the cause of channel narrowing. Allred (1997) found that channel
narrowing occurs by a process of hydrologically controlled deposit emplacement with
subsequent stabilization and persistence due to tamarisk invasion. This research showed
that a deposit in Allred's study area was subject to emplacement and scour many times
between 1930 and 1948 and even persisted for several years during the early 1930's.
Deposit emplacement occurred again in the 1950's during the period oflow magnitude
annual peak flows. At this point tamarisk colonized the deposi~ leading to stabilization
and increased sediment trapping and permanent establishment of the bar. Allred (1997)
further showed that tamarisk was present during the 1940's and mid 1950's when the
channel width was stable, indicating that its presence alone is not responsible for initiating
channel narrowing. Allred (1997) concluded that tamarisk invades and stabilizes newly
formed surfaces that were created by hydrologic processes that initiated channel
narrowing. The evidence presented by these three investigations indicates that tamarisk
may be indirectly responsible for channel narrowing. Natural cycles of deposition and
erosion have been interrupted by the stabilization and perpetuation of these previously
ephemeral deposits by tamarisk.
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Economic concerns
The invasion of tamarisk has regional economic implications. Some studies found
that tamarisk has some of the highest evapotranspiration rates of any phreatophyte in the
southwestern United States. These high evapotranspiration rates may lower soil water
potential and lower the level of the water table (Horton & Campbell 1974; Cannan &
Brotherson 1982). Tamarisk invasion of riparian corridors in the of the southwest has
been speculated (Horton & Campbell 1974; Davenport, Martin & Hagan 1982) to have
the potential to reduce the already limited and sensitive water supply through its high
evapotranspiration rates. Tamarisk is offurther economic concern in that it invades
floodplain agricultural areas. This raises concern over interference with farm production,
equipment operation, and water availability, requiring control and eradication measures
(Davenport, Martin & Hagan 1982). In fact, much of the literature and research on
tamarisk has been focused on its control and eradication (DeLoach 1989; Busch & Smith
1993; Lovich, Egan & De Gouvenain 1994; Campbell 1996).
Additional concern is centered on the potential salinization of soils. A reduction of
flood events can result in the accumulation of salts in the soil due to a decrease in the
flushing of flood flows. Tamarisk increases the soil salinity through the concentration of
salts from the soil into its leaves, which abscise yearly and accumulate on the soil surface,
increasing surface soil salinity. The accumulation of salts decreases soil productivity,
resulting in altered vegetation communities and decreased crop yields. Thus, tamarisk is
hypothesized to contribute to a reduction of available water, an increase of soil salinity, an
altered vegetation community composition, and decreased productivity (Everitt 1980;
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Temple, Murphy & Cheslak

1991~

Brock 1994). Furthermore, tamarisk colonizes areas in

thick stands, especially sand bars on rivers that are used as camp and picnic sites, which
results in the aesthetic degradation of outdoor recreation, a major economic force in the
southwest. These impacts have detrimental implications for the economic bases of the
region, including agriculture, ranching, recreation, industry, and urban uses.

Physiology and ecology
The ecological influences of tamarisk are not completely understood but tamarisk
can affect a variety of aspects of the ecosystem. The production of anti-herbivore
chemicals by tamarisk may make it a poor forage resource for invertebrates and animals.
It is further speculated that the dense stand structure and plant morphology of tamarisk
make it of marginal use as wildlife habitat (Carothers & Brown 1991). Alterations of soil
chemical characteristics also have significant implications on local ecosystem functions
(Friedman 1987). Tamarisk additionally occupies space and uptakes nutrients, resulting in
the exclusion of native vegetation in some cases, eliminating plants with higher habitat and
forage value to local fauna (Carothers & Brown 1991).
Salts excreted by Tamarix leaves are composed of eight ions, Na, K, Mg, Ca, Cl,
N03, HC03• and SO. (Berry 1970; WaiseI1991). Elevated concentrations of salts can
inhibit cellular metabolism through the denaturing of enzymes and other proteins. The
excretion of salts may be a mechanism that allows the plant to tolerate high salinity soils,
maintaining the salt balance within the plants (Robinson 1965; Brock 1994). Salts
additionally function as an allelopathic agent, acting as a toxin or creating salinity
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conditions too high for other plants (Beny 1970; Waisel 1991; Brock 1994). Chemicals in
the salt excretions may also act as an anti-herbivore mechanism (Kloke 1987). Waisel
(1991) hypothesized that salt excretion by tamarisk is a metabolic mechanism that
concentrates carbon from the atmosphere as an adaptation to extreme physical and
climatic conditions.
Tamarisk stands are considered by many to be "biological deserts" with 500/0 fewer
small mammals than stands of native vegetation (Anderson & Ohmart 1977; Bock 1994).
Reptile and amphibian communities associated with tamarisk are characterized by low
species diversity (Jalde & Katz 1985). However, others have found that it represents
important habitat for reptiles. providing shade and cover (Larry Stevens. personal
communication). There are conflicting results from studies of bird utilization oftarnarisk
with some studies showing lower species richness and numbers associated with tamarisk
and some showing higher bird densities (Anderson et al. 1983; Brock 1994). There are
also conflicting results of work examining invertebrate populations associated with
tamarisk (Brock 1994).
Tamarisk has several adaptations to saline environments which allow it to
successfully colonize and persist in areas of high salinity conditions that exclude many
other plants. It is able to take up large amounts of salts from saline soils. concentrating
and excreting them through glands or galls on the surface of the leaves. Tamarisk
ameliorates the deleterious effects of salts through their extrusion and cellular
compartmentation (Beny 1970; WaiseI1991). Berry (1970) found that the composition
of the salts secreted by tamarisk is highly dependent on the composition of the salts
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present in the root environment. Tamarisk grown in 0.01 nonnaI sodium chloride (NaCI)
Hoagland's nutrient solution excreted 0.5 nonnaI concentration of sodium chloride,
increasing the concentration by 50 times. During this process, tamarisk maintained a
constant metabolic rate despite the high intracellular concentrations of salts. This seems
to demonstrate that in saline soils the plant can absorb and pass significant quantities of
salts without the impairment of metabolic function.

Allelopathy
Beyond facilitating metabolic function in high salinity conditions, the excretion of

salts may serve as an allelopathic agent. Allelopathy is defined as the suppression of
growth of one plant species by another through the release of toxic substances. Chemical
evaluations of the salt excretions of tamarisk have found a variety of chemicals that have
been shown to have allelopathic functions.
In a series of studies, Merfort et at (1992), Nawwar & Hussein (1994), and

Nawwar et aI. (1994) isolated triterpene, gaUoyl glucose, monomeric and dimeric
hydolyzable tannins, two new polyphenolics, and a novel ellagitannin from the excretions
of tamarisk glands. An additional study by Yoshida et at (1991) found a new tannin,
tamarixinin, along with two additional previously descnoed tannins. These chemicals have

been associated with allelopathic and anti-feedant functions in other plants (Klocke 1987;
Scriber et aI. 1987; Mole & Watennan 1987). Tannins, phenols, and terpines have been
implicated as aUelopathic agents which may playa functional role in the ecology of
tamarisk (Comstock 1984; Rice 1987). Phenols and polyphenols, also produced by
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tamarisk, have been shown to inhibit and alter electron transport associated with
phosphorylation in chloroplasts and mitochondria, interrupting the transport of nutrients
and energy pathways of other plants (Moreland & Novitzky 1987). Tannins produced by
plants have also been shown to be an anti-herbivore agent, interacting directly with
hydrolysis enzymes in insect metabolic regulatory mechanisms (Spencer 1987).
Additionally, phenolic-rich solutions made from saltcedar were found to inhibit collection
of sucrose solutions by honey bees, acting as a strong deterrent or repellent (Hagler &
Buchmann 1993). Several different fonns of each of these chemicals types can be found
in the salt excretions of tamarisk.
Friedman (1987) documented saIt excretion by Tamarix aphy//a acting as an
allelopathic agent. Tamarix saIt production elevated the soil salinity under the canopies of
larger trees resulting in no plants growing within that perimeter. Under the canopy of
smaller trees and at the edge of the canopies of the larger trees there was some
colonization of other halophytes. Soil salinity under the canopy was highest at the surface,
containing twice the concentration of surrounding soils, and decreased with depth. Salt
concentration on the soil surface occurs when tamarisk transports saIts from lower soil
horizons and excretes them on leaf surfaces. Subsequent direct washing of saIts to the soil
surface and the annual abscission of leaves and the accumulation of litter results in the
concentration of saIts on the soil surface. The study concluded that the allelopathic effect
was due to the high ambient soil salinity, which served to enhance the rate of saIt
production by tamarisk leaves. Leaf litter with concentrated salts accumulated on the soil
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surface, resulting in increased surface soil salinity, and subsequent rainfall was insufficient
to leach these accumulated salts back into lower soil profiles (Friedman 1987).

Photosynthesis
Approximately 50% of photosynthesis takes place in the leaves of tamarisk with
the rest occurring in cladophyll stems. Saltcedar is light saturated at 1100 IJ.FJm2/s or
44% full sunlight with a compensation point of30 JJ.E/m2/s (Anderson 1982). Optimum

leaf temperature is 23-28 °C, which is close to temperatures found in the early morning in
much of its range (Anderson 1982). The photosynthetic rate of tamarisk, measured by
carbon use, was 5.1±O.3 mglglhour of COl> which is 4-7 mglglhour lower than the rate of
several other riparian plants (9-13 mglglhour ofCOJ (Anderson 1982). Contrary to the
reduction of photosynthetic rates in many plants associated with increased saline
concentrations, the rate of photosynthesis of Tamarix sp. was not affected by increasing
soil salinity levels (Kleinkopf & Wallace 1974). Photosynthetic rates may be indirectly
controlled by the leaf-air humidity gradient. Stomates were shown to close as evaporative
demand increased during the course of the day, improving water use efficiency during the
most water-demanding part of the day (Anderson 1982).

Transpiration
There is concern that tamarisk has a high evapotranspiration rate, which could
affect water supplies in the southwest (Busch, Ingraham & Smith 1992). Yet, research
has shown that tamarisk has transpiration rates similar to other riparian species and
actually has physiological mechanisms that conselVe water. Tamarisk has a mean
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transpiration rate of 1.5 (1.4-1.6) grams of water per square decimeter ofleaf area per
hour (gldm2/h) (Anderson 1982). This is a similar rate to that of other riparian plants

Elaeagnys angustifolia and cottonwood (Populus fremontii), which are found throughout
the riparian corridors inhabited by tamarisk (Anderson 1982). Busch and Smith (1995)
found that tamarisk had a similar transpiration rate to willow and a slightly higher rate than
cottonwood Tamarisk water consumption has been estimated at 28042 m3 per hectare
per annum, with one study calculating that in a 112-km section of river, tamarisk
transpired 54,279,235 m3 of water annually (Busby & Schuster 1973; Temple, Murphy &
Cheslak 1991). This type of estimate has contn"buted to the concern that tamarisk is using
large amounts of water. However, these numbers can be misleading without a comparative
estimates made for native vegetation, which, with similar calculations, would use equally
large amounts of water. The fact that tamarisk has been shown to use relatively similar
amounts of water compared to native vegetation suggests that it is not responsible for
drastic water losses. Tamarisk actually has mechanisms that conserve water. Tamarisk
transpiration rates are physiologically optimized by rapid stomatal response to changing
light conditions. Shading for 5 minutes resulted in a two-fold increase in leaf resistance
through the closing of stomata. Rapid stomatal response is an adaptation to conserve
water when lower light reduces photosynthetic rates and therefore transpiration demand
(Anderson 1982).
Busch and Smith (1995) found that field water potentials, osmotic potentials at
saturation, and the point of turgor loss were consistently lower in tamarisk than in
cottonwood and willow. This is thought to be an adaptation to conditions where water
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uptake and transport depend on low plant water potential due to high soil salinity or a
receding water table. Low water potentials were not associated with reductions in
stomatal conductance or transpiration rates, suggesting that under extreme environmental
conditions normal metabolic rates were maintained. Diurnal patterns in stomatal
transpiration are more under the influence of temperature, light, and humidity than of
water availability (Anderson 1982). Water use efficiency in tamarisk was shown to be the
highest among three riparian species, giving it a competitive advantage when water
availability is low and soil salinity is high (Kleinkopf & Wallace 1974). Patterns of
metabolic function peak at times of optimal environmental conditions and are curtailed
during periods of unfavorable environmental conditions, maximizing resource use
efficiency.

Metabolic butTering
Solomon et aI. (1994) examined the effects ofNaCl on the metabolic enzyme
Rubisco in tamarisk. NaCI is associated with the inhibition of intracellular enzymes,
including Rubisco, limiting metabolic function (Osmond & Greenway 1972). Rubisco is a
carboxylating agent that can limit the photosynthetic production in C3 plants (Woodrow

& Berry 1988). Solomon et al. (1994) showed that tamarisk has evolved two mechanisms
as an adaptation to saline environments: (1) the production of higher quantities ofRubisco
and (2) the production of in vitro endogenous compatible solutes that protect Rubisco
function from the inhibitory effects of high salt concentrations.
A mechanism that maintains metabolic function in high salinity conditions was
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further shown in a yield comparison study by KJeinkopf & Wallace (1974). This study
showed that under increasing concentrations of naturally occurring salt combinations, the
rates of net photosynthesis and transpiration remained constant. Despite the constant rate
of energy production, yields showed a decline with increasing salinity. It was
hypothesized that while carbon and water exchange rates were affected minimally, more of
the energy produced was used in the translocation of the salts, reducing the energy
available for yield.

Salinity and germination
The germination ecology of tamarisk displays further adaptation to saline
environments. Tamarisk and cottonwood seeds were germinated outdoors in soil troughs
with incrementally increasing concentrations of six naturally occurring salts found in the
Rio Grande River. Cottonwood germination declined by 35% at the highest salt
concentrations while the gennination of tamarisk seeds was not affected (Shafroth et aI.
1995). However, the highest salinity levels in this experiment were many times higher
than the majority of naturally occurring levels. In the outdoor troughs and in laboratory
germination tests, cottonwood showed no significant decrease in germination at salt
concentrations more similar to natural conditions. Interestingly, tamarisk actually showed
an increase in germination with increasing salinity in the laboratory experiments (Shafroth,
Friedman & Ischinger 1995).
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STUDY AREA

All field work associated with this study was conducted in the Green River at six
sites on and near the Ouray National WIldlife Refuge in northeastern Utah, lat 40° 24' 34".
long 109" 14' OS" (Fig. 1). which I will refer to as the Ouray-Jensen reach. The OurayJensen reach consists of an approximately 6S-kilometer (km) section of river from
Bonanza Bridge at the upstream end to Old Charlie at the downstream end. The Green
River is the largest tributary to the Colorado River and drains a 76.684 km2 basin
upstream from Jensen. Utah (USGS 1997), which is located 72.S river kilometers
upstream from Ouray, Utah. Flaming Gorge Dam partially regulates the flow of the Green
River since its closing in 1962. The current mean annual flow in this area is calculated at
119.3 cubic meters per second (ml/s) with a pre-dam base flow of3S.7 ml/s pre-dam and
a post-darn base flow of72.S ml/s. The mean annual peak discharge at the Jensen. Utah,
gage for the period of 1947 to 1962 (pre-Flaming Gorge Dam) was 679.8 ml/s. The mean
annual peak discharge since 1963 is calculated at 492.9 ml/s (USGS 1997).
The Green River alternately flows through confined canyon and alluvial reaches.
This study was conducted on the widest alluvial reach of the Green River with the most
extensive floodplain (Bureau of Reclamation 1997). The Ouray-Jensen reach is
characterized by a moderately confined, sand-bedded, meandering channel. In the central
Unita Basin, the Green River flows through the Duchesne and U'mta Formations, which
are less resistant than the canyon reaches above and below (Rakowski 1997). The Green
River in this area has a low gradient and extensive floodplain habitat compared to the
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Fig. 1 Map of study site.
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more confined canyon reaches. The six sites in downstream order were Bonanza, Baeser,
Above Brennan, Iohnson- 4, Leota, and Old Charlie (Fig. 1). The areal extent of
inundation of these floodplain sites ranged from 10.9 hectares (Bonanza) to 32.7 hectares
(Old Charlie) (Table 1). The floodplain habitats have extensive riparian vegetation that
provides large amounts of detritus that is seasonally inundated or directly transported to
the main river channel. Tamarisk has invaded large areas of shoreline and floodplain
habitats throughout this reach, covering approximately 14% of the total area (Sara
Rodemaker, personal communication) and is the source of a significant contribution of
detritus. Native vegetation types (willow and cottonwood) also occupy abundant areas
along shoreline and floodplain habitats (15% and 27% of the total area respectively) in this
reach (Sara Rodemaker, personal communication) (Table 1).
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Table 1. Characteristics of six floodplain sites.

Inundation

Inundation

Discharge

Area

Site

Percent Vegetation Coverage··

(hectares)

Tamarisk

Cottonwood

Willow

Bonanza

558

10.9

10%

25%

12%

Baeser

413

19.0

22%

10%

27%

Brennan

365

19.8

11%

100/0

37%

Iohnson- 4

521

10.0

15%

14%

100/0

Leota

439

29.1

15%

47%

20%

Old Charlie

368

32.7

28%

53%

10%

• United States Fish and WIldlife Service 1997
•• Sara Rodemaker personal communication
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MATERIALS AND METHODS

Growth rate experiment
A growth rate experiment provides a direct measure of the invertebrate food value
of the introduced tamarisk compared to the native cottonwood and willow. Tipu/a.
commonly called crane flies. are a common aquatic detritivore and an obligate shredder
that feeds exclusively on leaf material (pritchard 1975, Merritt and Cummins 1984). They
are easily maintained under laboratory conditions and withstand the weekly manipulation
involved in collecting blot dry weights. They have a wide North American distribution
and several species are found throughout the West. Though Tipu/a have a wide
distnbution, they are not common at the Green River field site.
Tipu/a and other invertebrates have been commonly used to quantify food value of

various leaf litters (petersen & Cummins 1974; Ware and Cummins 1979; Cummins &
KIug 1979; Lawson, KIug & Merritt 1984; Sinsabaugh. Linkins & Benfield 1985; Garden
& Davies 1988; Canhoto & Graca 1995). Tipu/a (Sinotipula) subcinerea Doane larvae

were collected from the Little Bear River. near Logan. Utah. for a growth rate experiment
to compare food quality of tamarisk versus cottonwood and willow. In this experiment, 5
g of green tamarisk, cottonwood, and willow leaf litter was placed separately into plastic
containers (14.5 x 10 x 7 em) with 2-mm mesh lids. There were five replicate containers
of each leaf litter type. Containers were submerged in a flow-through tank in 20 em of
aerated water at the Utah State Water Research Laboratory in Logan. Utah. Water from
the Logan River was pumped through a sand filter to remove invertebrates and detritus.
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The leaf litter was allowed to condition in the containers for 3 weeks prior to the addition
of invertebrates. After 3 weeks, one large and one small Tipula were blot dried and
weighed to the nearest 0.001 g and placed into each container. Each week thereafter each
Tipula was blot dried and weighed to the nearest 0.0001 g for 13 weeks to monitor

growth rates and survival. Temperature was the same as the ambient temperature of the
Logan River throughout the experiment, which ran from January 9 through May 1, 1997.
All data were analyzed statistically using the SAS (SAS 1985) package for
personal computers. In order to eliminate variation in weight due to water content of the
TipuJa, a wet weight to dry weight regression was conducted. To relate wet weight to dry

weight, 70 Tipu/a larvae, representative of the size variation used in the experiment, were
blot dried, weighed, and dried at 60°C for 48 hours and reweighed. A linear regression of
the wet weight to dry weight yielded equation 1:
y = 0.097x + 0.00073; r= 0.89

(1)

Dry weights were then standardized (W.) using equation 2:
W.=(WrJ-(WoJ

(2)

where (WoJ is the calculated dry weight at the beginning of the experiment and (WrJ is
the calculated dry weight at time t. The large (N=174) and small (N=168) Tipu/a were
treated as separate data sets. Standardized dry weights were analyzed using an analysis of
covariance (ANCOVA) and a repeated measures analysis of variance (RMANOVA) to
compare growth rates. The ANCOVA has been used in other experiments and is used in
this case for comparison. However, the ANCOVA, while providing comparable results,
violates the assumption that each measurement is independent from the prior
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measurement. A growth measurement is dependent on the prior measurement. The
RMANOVA assumes that each measurement of weight is dependent on the prior
measurement and is. statistically. a more correct analysis. A post hoc power analysis
(Hintze 1993) was conducted to determine the probability of detecting an effect for both

tests. A comparison of percent of surviving individuals was also calculated over time for
both the large and small Tipu/a using a chi-square test.

Field survey
Invertebrate communities associated with each of three common vegetation
species. tamarisk, willow. and cottonwood. were examined by sampling benthic
invertebrates in inundated floodplain habitats during 1996. Six floodplain sites spread
over a 40-mile reach of the Green River were selected for this survey: Bonanza Bridge.
Baeser. Brennan.. Johnson-4. Leota, and Old Charlie (Fig. 1. Table 1). Monotypic stands
of each vegetation type were identified and sampled every other week during the period of
inundation associated with high spring flows. except the last date. which was sampled
after only 1 week A minimum of three stands of each vegetation type was sampled per
week. The pattern of floodplain inundation varied between sites and between sample
dates (Table 1). To eliminate any variation associated with differences in inundation
pattern. only vegetation that was inundated the entire time of the survey was sampled.
Most of the samples were collected in vegetation located in standing water with little or
no velocity that typified conditions found in much of the floodplain area. The sample site
depths varied between 0.3 and 1.5 m.
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Benthic invertebrates were sampled using a 5.8-cm diameter core sampler driven
5-10 em into the substrate. Each replicate sample consisted of ten cores from each
vegetation stand for the first week and five cores taken from each stand for each sample
thereafter. The cores from a sample were combined in a bucket and transferred to a
plastic jar. The samples were preserved in 95% ethanol and transported to the laboratory
for evaluation. Invertebrates in each sample were sorted and identified to at least family
and sometimes genera where possible.
Invertebrates were grouped by family and only groups that were well represented
(greater than 5% of total invertebrates) in the majority of samples were included in the
analysis. These groups consisted of all invertebrates pool~ referred to as total
invertebrates, Diptera (including Chironomids), Chironomids, and Oligochaete density.
Data were loglo(x+ 1) transformed for normality and analyzed using a RMANOVA
specifically to test the hypothesis that invertebrate assemblages were not different among
vegetation types through time. To ensure type I error rates were not inflated, Bonferroni
adjustments were made prior to the analysis. Apost hoc power analysis (Hintze 1993)
was performed to determine the probability of detecting an effect.

Colonization rate experiment
An invertebrate colonization experiment using baskets of the three leaf litter types

was conducted to quantifY invertebrate colonization rates over time in the field on the
Ouray National Wlldlife Refuge. Three hundred grams of each green leaf litter type
(tamarisk, willow, and cottonwood) was placed separately into eight replicate baskets
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(N=24). The baskets (27 em by 40.5 cm by 27 em) were lined on all sides with 2-mm
mesh to retain the leaflitter. The top of the baskets was left open. Each basket was fitted
with foam pontoons so that the top floated approximately 10 em above the water surface
and the bottom of the baskets was submerged to an average depth of 20 em. Baskets
were randomly placed within an inundated floodplain site on the Ouray National WIldlife
Refuge. Two replicate baskets of each leaf litter type were removed every 2 weeks for 8
weeks. The contents was removed and placed into a large plastic bag with an internal and
extemallabel. Any residue in the basket was washed into a sieve and added to the plastic
bag. The samples were then frozen in a household refrigerator. Invertebrates in each bag
were counted and identified under a dissecting scope in the laboratory at Utah State
University.
Only invertebrates that represented at least 5% of the total abundance in a majority
of samples were included in the analysis. These groups consisted of total invertebrates,
chironomids. ceratopogonidae, and planorbidae. Densities were IOglO(X+ 1) transformed
for normality and analyzed using a RMANOVA to test for differences in invertebrate
colonization rates between treatments over time. A post hoc power analysis (Hintze
1993) was conducted to determine the probability of detecting an effect.
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RESULTS

Growth rate experiment
An ANCOVA of the standardized dry weight data oflarge and small Tipula Oarge

N=174, small N=168) shows a significant difference in the time by treatment interaction
Oarge, F=3.87; P=O.0227, small F=4.43; P=O.0134; see Appendix Table 6) with a post hoc
power of 0.41 and 0.3 S probability of detecting a significant effect for each size class
respectively. Apost hoc pairwise comparison of treatments (vegetation type) found that
small Tipula that were fed tamarisk had significantly lower growth rates compared to
those fed cottonwood (F=10.68; P=O.OOIS) and that large Tipula fed tamarisk had a
significantly lower growth rate compared to those fed willow (F=7.04; P=O.OO90). All
other pairwise comparisons of growth rates for both small and large Tipula were not
significantly different (P>O.OS; see Appendix Table 6 and 7).
A RMANOVA of the standardized dry weight data of small Tipula (N= 168) found
no significant difference in the time-by-treatment interaction (F=O.69; P=O.8S77) (Fig. 2;
see Appendix Table 8). The RMANOVA of the standardized dry weight of large Tipula
shows a significant difference for the time-by-treatment effect (F=2.09; P=O.0040) (Fig. 3;
see Appendix Table 9). A post hoc pairwise comparison of the large Tipula data at the
time by treatment level found a significant difference between tamarisk and willow
(F=3.0S; P=O.0002). All other pairwise comparisons showed no significant differences
between vegetation types (P>O.OS). The models had apost hoc power of 0.99 and 0.70
probability of detecting a significant effect for each size class, respectively. The
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Fig. 2 Standardized weights of small Tipula fed exclusively one of three leaf litter types ±
1 standard error over time.
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RMANOVA revealed significant differences for the time effect for the large and small
Tipu/a data sets (F=20.71; P=O.OOOI and F=12.39; P=O.OOOI, respectively). In both

analyses there were no significant differences in the treatment (p>O.OS). A chi-square test
found no significant differences in survivorship of Tipu/a between those fed tamarisk.
willow, or cottonwood (p>O.OS).

Field survey
The RMANOVA of the loglo(x+ I) transfonned invertebrate density data (Table 2,
Figs. 4, S, 6, 7), found no significant differences in invertebrate densities among vegetation
types. Total invertebrate density, the sum of all invertebrates found within a sample
(N=33), was not significantly different for the time-by-treatment interaction (F=1.29;
P=O.3393), time (F=2.29, P= 0.1347), or treatment (F=l. 74; P=O.2198; see Appendix
Table 4). Post hoc power was calculated with a 0.78, 0.81, and 0.28 probability of
detecting a significant time by treatment, time, and treatment effect, respectively. Similar
results of no significant difference were consistently observed for all taxonomic groups
(chironomid P>O.OS, diptera P>O.OS, oligochaeta P>O.OS; see Appendix Table 4); taxonspecific results are not discussed further.

Colonization rate experiment
The results of the RMANOVA of loglo(x+ I) transformed data exhIbited no
significant difference in densities of total invertebrates (N=24) for the time-by-treatment
interaction (F=O.30; P=O.9223) or among treatments (F=O.4S; P=O.6S28) (Table 3, Fig.
8). There was a significant difference over time (F=14.13; P=O.OO09; see Appendix Table
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5). A post hoc power analysis found a 0.23, 0.70, and 0.11 probability of detecting a time
by treatment, time, and treatment effect, respectively. Similar results were consistently
observed for all taxonomic groups (Figs. 9, 10, 11). All taxonomic levels showed
significant differences in densities over time (chironomid P>O.I, ceratopagonidae P>O.I,
planorbidae P>O.5); taxon specific results are not discussed further.
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Table 2. Mean invertebrate densities per square meter % 1 standard error found in the field
survey by week and invertebrate group.
Week 1

Week 3

Week 5

Week 6

Tamarisk

73%73

73%24

334%123

2058±932

Cottonwood

1911%146

3578:i:2725

228:i:71

3333%2851

Willow

1299:J:909

539:J:147

588%408

1838:i:665

Tamarisk

O:!:O

24%24

130%43

1993%950

Cottonwood

O:!:O

81%81

81%58

539:J:540

Willow

24%24

73%73

98±98

1017%651

Tamarisk

49:J:49

O:!:O

114%91

O±O

Cottonwood

294±196

2810±2789

O±O

1372±884

Willow

98±98

49:J:49

212±212

453±376

Tamarisk

24±24

49:J:28

179±43

2026%917

Cottonwood

1617±344

702±540

179±43

539±540

Willow

1151±860

490±98

376±212

1041%639

Vegetation
T ota! Invertebrates

Chironomid

Oligochaeta

Diptera
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Table 3. Mean colonization densities ± 1 standard error (invertebrates per replicate basket)
by groups used in analysis by week and vegetation type.
Vegetation

Week 2

Week 4

Week 6

Week 8

Tamarisk

112±63

lO64±489

3104±48

1312±144

Cottonwood

104±7

1280±17

1840±272

2736±2278

Willow

51±45

1056±175.8

1632±785

1632±737

Tamarisk

24±8

536±184

1808±722

584±40

Cottonwood

8±8

864±609

1 120±272

864±817

Willow

34±29.5

672±385

976±513

452±172

Tamarisk

O±O

184±40

1240±697

704±128

Cottonwood

16±O

312±248

680±23

1824±1427

Willow

9±7

280±248

640±272

1108±934

Tamarisk

8±8

1032±344

2448±289

2128±834

Cottonwood

8±8

140±92

1368±955

984±248

Willow

9.5±6.5

472±441

1512±1034

1648±224

T otal Invertebrates

Chironomid

Ceratopogonidae

Planorbidae
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DISCUSSION

Growth rate experiment
An ANCOVA has been used to compare growth rates of individuals overtime

(Suttcliffe, Carrick & Willloughby 1981; Garden and Davies 1988) and we elected to use
this analysis to provide comparable results. The ANCOVA generates and compares the
slopes of regression lines, which represent growth rates. The results of the ANOCVA of
the data generated by the growth rate experiment show, even with relatively low power,
that Tipu/a fed tamarisk had instances of significantly lower growth rates than those fed
willow or cottonwood. These results indicate that tamarisk may be of inferior food quality
compared to these native plants. However, the ANCOVA, while providing comparable
results, violates the assumption that each measurement is independent from the prior
measurement. A growth measurement is dependent on the prior measurement. The
RMANOVA assumes that each measurement of weight is dependent on the prior
measurement and is, statistically, a more correct analysis (Zar 1974). The RMANOVA
found that large Tipu/a fed tamarisk had significantly lower growth rates than those fed
willow in agreement with the results of the ANCOVA. The small Tipu/a had no
difference in growth rates among the three treatments, contradicting the ANCOVA finding
of significantly lower growth rates of Tipu/a fed tamarisk compared to those fed
cottonwood.
The lack of a significant difference in survival rates of large and small Tipu/a fed
tamarisk compared to those fed native vegetation demonstrates that while tamarisk may in
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some instances provide lower invertebrate growth rates compared to cottonwood and
willow, it is a food resource capable of supporting levels of invertebrate productivity
similar to that of native vegetation. I conclude from this experiment that tamarisk may
produce slightly lower growth rates (Figs. 2 and 3) than willow or cottonwood though
these differences are statistically significant in all instances and the differences may not be
ecologically important.
Canhoto and Graca (1995) found that Tipu/a fed the leaflitter of an introduced
eucalypt (Eucalyptus globulus) had 100% mortality and no growth while those fed native
species, Alnus glutinosa and Castanea sativa, grew well and had high survival. They
conclude<L as did Garden and Davies (1988), that it was the differences in nutritional
quality of leaves that influenced the growth rates and survival. They suggest that the
responses were attnouted to higher concentrations of tannins and protein-phenol
complexes found in the introduced eucalypt and native oak, chemicals also found in
tamarisk (Yoshida et al. 1991; Merfort et al. 1992; Nawwar & Hussein 1994; Nawwar et

al. 1994). They speculated that high concentrations of these secondary compounds may
be responsible for lower fungal colonization, which in tum reduces fungal enzymatic
activity and availability of nitrogen and ultimately reduces the nutritional quality of the
leaves. I suggest that concentrations of similar secondary compounds present in tamarisk
are either of a different composition or are of concentrations so low as to avoid any such
dramatic negative effect.
Canhoto and Graca (1995) concluded that the invasion of the exotic eucalypt had a
negative impact on associated aquatic communities. To conclude from the results of a
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feeding trial on one invertebrate type that there is a general negative effect on the aquatic
invertebrate community associated with this invasion is debatable. The moderate effect
found in our growth experiment may not be ecologically significant. I believe that while
these results provide insight into how aquatic invertebrates react to the presence of
tamarisk, the extrapolation of these results alone to the aquatic invertebrate community as
a whole is questionable.

Field survey
Several studies (Benfield. Jones & Patterson 1977; Ro~ Barlocher & Oertli
1982; Bird & Kaushik 1992) have used the densities of invertebrates in different leaflitter
types as an indicator offood quality. The results of the field survey indicate that the
invertebrate community associated with tamarisk is not significandy different from the
community associated with cottonwood and willow. It is possible that spatial and
temporal patchiness of invertebrate assemblages (Tokeshi 1994) confounded our ability to
clarify any differences that might have been present associated with food quality
differences. We therefore designed the controlled field experiment examining colonization
rates to provide an alternative approach aimed at more accurately determining if there
were differences in invertebrate assemblage patterns.

Colonization rate experiment
Invertebrate colonization rates have been used in a similar fashion as invertebrate
density in determining the resource value of different leaflitter types (petersen &
Cummins 1974; Benfield, Jones & Patterson 1977). Invertebrates are expected to
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colonize higher quality food resources (leaf litter) at a faster rate and in higher densities.
The colonization rate experiment found similar invertebrate colonization rates, densities,
and species composition, demonstrating that there was no significant preference or
avoidance of any of the three vegetation types by any of the invertebrates present. The
significant difference found for the time effect is associated with low initial densities that
subsequently increase over time. Thus, the evidence provided by the field survey and
colonization rate experiment leads us to conclude that the three vegetation types do not
receive significantly different utilization by aquatic invertebrates in this study site.
A review of the literature on tamarisk provided indirect support for our main
research hypothesis, that tamarisk may affect aquatic invertebrate assemblage
characteristics (Le., growth, density, colonization rate). Tamarisk is maligned as creating
a "biological desert," possesses potentially anti-herbivore and allelopathic chemicals, and
is the subject of a substantial control and eradication effort. I feel that three different
scales of examination would detect any differences in three measures of invertebrate
response, clarifying the effect tamarisk may have on aquatic invertebrate assemblages.
This research failed to detect an ecologically significant difference at any of the three
scales of investigation of invertebrate response.

Implications

Our research contnoutes to the understanding of the role that tamarisk now plays
as a naturalized species in the ecosystems it has invaded. The results of this research have
implications on natural resource management and economic concerns of the Southwest
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United States. Tamarisk has been identified as one of the most problematic noxious
weeds in this ecoregion. Yet as an allochthonous aquatic energy resource which
influences the trophic dynamics of aquatic foodwebs, our research failed to find
ecologically significant effects. Its role in altering river channel geomorphology is being
clarified (Allred 1997), and its biology continues to be investigated. Current biological
knowledge combined with understanding of implications on river geomorphology
(Standord 1994) begins to define how tamarisk fits into the Colorado River Basin
ecosystem.
Aquatic systems in the desert Southwest support several endangered species,
including the Colorado squawfish (Prychocheilus lucius), humpback chub (Gila cypha)
and bony tail chub (Gila elegans), and the razorback sucker (Xyrauchen texanus)

(Minkley & Deacon 1991). Chironomids have been shown to be an important food
resource to juvenile Colorado squawfish (Muth & Snyder 1995). This research
demonstrates that tamarisk supports chironomid and other invertebrate densities that are
not significantly lower than densities found associated with willow and cottonwood.
Thus, the results of this research indicate that vegetation management associated with the
recovery of these species may not need to focus attention on tamarisk control because of
potential alterations offish food resources (aquatic invertebrates).
Tamarisk may now serve as an important source of energy to the aquatic systems it
influences. Examination of historic photos provides evidence of the expansion of the area
covered by riparian vegetation. This increase in vegetation cover represents a significant
increase in riparian vegetation biomass, which may enhance the amount of energy input to

56
river systems. It can be speculated that this increase in density may increase the carrying
capacity of associated aquatic ecosystems. Tamarisk represents a significant portion of
this biomass increase and its role in aquatic ecosystem function must be determined to
facilitate proper management decisions. The results of OUf research suggest that tamarisk
is not of significantly different habitat and resource value to aquatic invertebrates
compared to native willow and cottonwood. Further research is needed to clarify the role
that this naturalized species now plays in these ecosystems. If tamarisk proves to be of

similar resource value, then the increase in available energy is basically the same regardless
of the type of vegetation from which the energy originates.

Future research
We suggest that future research should examine the temporal dynamics of the
possible augmentation of food resources associated with the invasion of tamarisk.
Processing rates of leaves by invertebrates is a function of palatability and nutritional
value, which in turn are determined by the level of conditioning (Arsuffi & Suberkropp
1984). A qualitative examination ofleaf decomposition rate during this project revealed
that tamarisk breaks down at a slower rate than willow or cottonwood. Cottonwood
leaves were almost completely skeletonized in as short a time as 3 weeks and willow
retained less structural integrity than tamarisk over time. This suggests that tamarisk is
conditioned and processed at a slower rate. Research indicates that slow-processing
leaves may not be palatable until later as conditioning and leaching progresses (Boling et
al. 1975; Benfield, Jones & Patterson 1977). The high surface-area-to-volume ratio of the
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tamarisk leaves may, over time, allow the leaching of secondary chemicals that may be in
part responsible for slower conditioning rates and poor palatability. Nitrogen
concentrations, a frequent measure of nutritional value. increase for a time as conditioning
progresses (Arsuffi & Suberkropp 1984; Garden & Davies 1988; Irons, Oswood & Bryant
1988) so that as tamarisk conditioning progresses it may increase in nutritional value later
in time than other leaf litter types.
As detrital processing progresses, an increasing percentage of detrital mass is made
up of less nutritional and palatable components such as cellulose. hemicellulose, and lignin
(Suberkropp. Godshalk & Klug 1976; Sinsabaugh, Linkins & Benfield 1985). This
phenomenon will proceed to the point where the skeletonized leaves become a poor food
resource. Fast-processing leaves will reach this point earlier than slow processing leaves
(petersen & Cummins 1973; Boling et a1. 1975). Thus. tamarisk as a slow-processing leaf
may assume a place in the leaf processing continuum that makes it a valuable food
resource available later in time when fast-processing leaves have declined in nutritional
value. The increase in invertebrate density over time associated with tamarisk (Figs. 3 and
4) may be an indication of the gradual increase in palatability and nutritional value
associated with the slower conditioning rate of tamarisk.
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Table 4. RMANOV A results comparing densities found in the field survey over time, by
treatmen~

and time by treatment interaction.

Source

OF

Type III SS

Mean Square

F Value

P

Time

2

2.5990

1.2995

1.74

0.2198

Treatment

3

5.1257

1.7085

2.29

0.1347

Time x Treatment

6

5.7460

0.9576

1.29

0.3393

Time

2

1.8456

0.9228

0.70

0.5183

Treatment

3

8.7182

2.9060

2.20

0.1457

Time x Treatment

6

5.2764

0.8794

0.67

0.6798

Time

2

2.4874

1.2437

1.25

0.3229

Treatment

3

1.2674

0.4224

0.43

0.7381

Time x Treatment

6

13.509

2.2516

2.27

0.1130

Time

2

5.8234

2.9117

1.77

0.2158

Treatment

3

3.7607

1.2535

0.76

0.5389

Time x Treatment

6

11.707

1.9511

1.19

0.3811

Total Invertebrates

Chironomid

Diptera

Oligochaeta
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Table 5. RMANOVA results comparing densities found in the colonization rate
experiment over time, by treatment, and time by treatment interaction.
Source

OF

Type III SS

Mean Square

F Value

P

Time

2

0.1764

0.0882

0.45

0.6528

Treatment

3

8.3597

2.7865

14.13

0.0009

Time x Treatment

6

0.3537

0.0589

0.30

0.9223

Time

2

0.3425

0.1712

0.61

0.5643

Treatment

3

13.8022

4.6007

16.39

0.0005

Time x Treatment

6

0.5485

0.0914

0.33

0.9072

Time

2

0.4363

0.2181

0.75

0.5643

Treatment

3

19.1398

6.3799

22.00

0.0005

Time x Treatment

6

1.3343

0.2223

0.77

0.9072

Time

2

0.6941

0.3470

0.75

0.3000

Treatment

3

23.7595

7.9198

22.00

0.0001

Time x Treatment

6

0.7331

0.1221

0.77

0.8039

Total Invertebrates

Chironomid

Ceratopognidae

Planorbidae
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Table 6. ANCOVA results comparing growth rates of small Tipu/a over time, by
treatment, and time by treatment interaction for the total model and pair wise
comparisons.
DF

Sum of Squares

Mean Square

F Value

P

Time

1

0.00714299

0.00714299

98.07

0.0001

Treatment

2

0.00007410

0.00003705

0.51

0.6023

Time x Trt.

2

0.00064504

0.00032252

4.43

0.0134

Source
Total model

Tamarisk vs. cottonwood
Time

1

0.00467079

0.00467079

77.53

0.0001

Treatment

1

0.00000235

0.00000235

0.04

0.8438

Time x Trt.

1

0.00064344

0.00064344

10.68

0.0015

Tamarisk vs. willow
Time

1

0.00341110

0.00341110

37.81

0.0001

Treatment

1

0.00004274

0.00004274

0.47

0.4926

Timex Trt.

1

0.00011811

0.00011811

1.31

0.2548

Cottonwood vs. willow
Time

1

0.00634235

0.00634235

97.93

0.0001

Treatment

1

0.00006340

0.00006340

0.98

0.3247

Time x Trt.

1

0.00025070

0.00025070

3.87

0.0517

16
Table 1. ANCOVA results comparing growth rates oflarge Tipu/a over time, by
treatment, and time by treatment interaction for the total model and pair wise
comparisons.
Source

OF

Sum of Squares

Mean Square

F Value

P

Time

1

0.00490338

0.00490338

91.52

0.0001

Treatment

2

0.00006055

0.00003021

0.60

0.5488

TimexTrt.

2

0.00038921

0.00019461

3.81

0.0221

Total model

Tamarisk VS. cottonwood
Time

1

0.00216308

0.00216308

66.36

0.0001

Treatment

1

0.00001253

0.00001253

0.38

0.5365

Time x Trt.

1

0.00002691

0.00002691

0.83

0.3649

Tamarisk vs. willow
Time

1

0.00401583

0.00401583

15.59

0.0001

Treatment

1

0.00006054

0.00006054

1.12

0.2914

Timex Trt.

1

0.00031963

0.00031963

1.04

0.0090

Cottonwood vs. willow
Time

1

0.00319609

0.00319609

51.52

0.0001

Treatment

1

0.00001631

0.00001631

0.25

0.6202

Time x Trt.

1

0.00015238

0.00015238

2.31

0.1318

77
Table 8. RMANOVA results comparing growth rates of small Tipula over time, by
treatment, and time by treatment interaction.
Source

OF

Type III SS

Mean Square

F Value

P

Time

2

0.00075875

0.00037938

8.79

0.0003

Treatment

13

0.00695688

0.00053514

0.74

0.4974

Time x Trt.

26

0.00078010

0.00003000

0.69

0.8577

Total model
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Table 9. RMANOVA results comparing growth rates of large Tipu/a over time, by
treatment, and time by treatment interaction.
Source

DF

Type III SS

Mean Square

F Value

P

Time

2

0.00175289

0.00087645

52.69

0.0001

Treatment

13

0.00447858

0.00034451

0.22

0.8044

Time x Trt.

26

0.00090529

0.00003482

2.09

0.0040

Tamarisk vs. willow
Time

1

0.00173

0.00173

122.63

0.0001

Treatment

13

0.00445

0.00034

3.20

0.1116

Time x Trt.

13

0.00064

0.00004

3.50

0.0002

